Abstract Unraveling the complex network of neural circuits that form the nervous system demands tools that can manipulate specific circuits. The recent evolution of genetic tools to target neural circuits allows an unprecedented precision in elucidating their function. Here we describe two general approaches for achieving circuit specificity. The first uses the genetic identity of a cell, such as a transcription factor unique to a circuit, to drive expression of a molecule that can manipulate cell function. The second uses the spatial connectivity of a circuit to achieve specificity: one genetic element is introduced at the origin of a circuit and the other at its termination. When the two genetic elements combine within a neuron, they can alter its function. These two general approaches can be combined to allow manipulation of neurons with a specific genetic identity by introducing a regulatory gene into the origin or termination of the circuit. We consider the advantages and disadvantages of both these general approaches with regard to specificity and efficacy of the manipulations. We also review the genetic techniques that allow gain-and loss-of-function within specific neural circuits. These approaches introduce light-sensitive channels (optogenetic) or drug sensitive channels (chemogenetic) into neurons that form specific circuits. We compare these tools with others developed for circuit-specific manipulation and describe the advantages of each. Finally, we discuss how these tools might be applied for identification of the neural circuits that mediate behavior and for repair of neural connections.
Introduction/Limits of Lesions
Cell biology has gained enormous insight into the function of individual molecules using loss-of-function with genetic deletion (e.g., knockout and silencing) and gain-of-function studies with amplification (e.g., overexpression). Systems neuroscience is now poised to make similar large-scale advances by understanding how alteration of specific neural circuits affects nervous system function. Systems neuroscience seeks to understand how groups of neurons are organized into circuits, how neural circuits mediate brain function, and how this understanding can be used to improve function. While many reviews have been written about the tools that have been created to manipulate function, such as optogenetics and chemogenetics, we approach this problem from the systems neuroscience perspective. That is, if one wants to test circuit function, which approach is best? In this review, we try to answer that question.
Lesions of the brain, both those that occur spontaneously in humans and those performed experimentally in animals, form the core of what we know about how neurological function is localized in the brain. For example, the neurologist Paul Broca described patients who sustained damage to the left inferior frontal gyrus and could not speak [1, 2] . These case studies taught us that this region (dubbed Broca's area) controls production of speech. Focal brain lesions, especially those from ischemic stroke, have further localized function through its loss [3, 4] . The function of other areas of the brain could be revealed through gain of function, with electrical stimulation [5] . The brain mapping studies of Wilder Penfield, for example, revealed that motor cortex is arranged somatotopically, with different regions encoding movement of different body segments [6] .
However, these classic loss-and gain-of-function techniques have limitations. Brain lesions are irreversible and can only be tested once. This can be overcome with a variety of reversible inactivation techniques-drugs, cooling, and brain stimulation that inactivate surrounding neural tissue. These techniques can produce Bvirtual lesions^that are reversible [7] . However, reversible techniques are also invasive, and surgery itself can alter neurological function. Finally, and most importantly, these lesion techniques lack specificity. Regions manipulated with lesions or electrical stimulation might consist of multiple cell types and circuits, even though the region is very small. This limitation has been overcome with genetic tools.
This review is divided into 2 sections. The first describes the general approaches to achieving circuit specificity, Bgenetic identity^and Bspatial control^. In the second section, we compare the genetic tools that allow loss of function (silencing) and gain of function (increased neuronal activity) within specific circuits. By the end of the review, we intend that the reader understand from a systems neuroscience perspective how tools for manipulating neuron function might be applied to modify specific neural circuits.
Two Methods for Achieving Circuit Specificity
To achieve circuit specific manipulation, genetic tools have been applied using two general approaches. The first is to use the genetic identity of a neuron to drive expression of a gene that can alter its function. This identity can be a transcription factor unique to a circuit; often, transcription factors instruct circuit formation in the first place and some of them retain circuit-specificity in adulthood. Other defining characteristics of a neuron can also be used, such as the neurotransmitter or calcium-binding protein that it expresses. Circuitspecific manipulation is achieved by inserting a gene that can manipulate function into the region of these signature elements. In doing so, cells containing those signature elements are manipulated, while other cells in the region of the injection are not perturbed.
The second major strategy for achieving circuit-specificity is to use knowledge of the connectivity of a circuit to manipulate it. This system introduces two genes, one at the origin of a circuit and one at the termination. When the two genetic elements combine, they can alter the function only in the targeted circuit. Neurons near the origin that terminate elsewhere and neurons that terminate in the same location but originate elsewhere are not affected because they only contain 1 of the 2 necessary elements.
To make this distinction more tangible, we offer graphical examples of achieving circuit-specific manipulation using these two approaches in Fig. 1 . Figure 1a demonstrates how neurons can be targeted according to genetic identity. The mammalian neocortex has a laminar organization, with each of the 6layers serving distinct functions. Our laboratory [8, 9] and others have a strong interest in neurons projecting from layer 5 of motor cortex to subcortical targets. Projection neurons of motor cortex are characterized largely by the set of transcription factors during development and cell typespecific genes in maturity [10] [11] [12] . This genetic identity can be used to target each projection neurons. Figure 1a shows that neurons expressing a gene under the control of green promoter project to the spinal cord (green neurons), whereas other neurons projecting to the striatum or superior colliculus (among many other targets) do not express the green gene. The gene under the green promoter is the cell type-specific gene of the neurons projecting to the spinal cord accordingly. When a transgene to label or manipulate a neuron is inserted under control of the green promoter, only the neurons projecting to the spinal cord express the transgene. These neurons can then be controlled by the transgene to perform gain-and loss-offunction studies selectively within the projection to the spinal cord.
Specific circuits can be targeted based on their connectivity rather than genetic identity [13, 14] . As shown in Fig. 1B , projection neurons in cortex project their axons to striatum and spinal cord, among many other targets. The projection neurons innervating the spinal cord can be targeted by injecting an anterograde virus (blue) into the motor cortex and a retrograde virus (red) into the spinal cord. Only the neurons co-infected with both viruses (purple) express a gene that can manipulate its function. We call this approach Bspatial control^because it uses information about the origin and the termination of a circuit to achieve circuit specificity. In the following sections, we will discuss these 2 approaches to target circuits of interest and provide examples of each.
Genetic Identity
The development of brain connections is determined, in part, by a series of transcription factors and other genes that help to guide axons to their proper terminations. A similar transcriptional profile helps to determine function during maturity [10, 11, 13, 14] . Therefore, these cell type-specific genes are attractive targets to manipulate specific types of neurons. With transgenic mouse technology, the cell type-specific expression of transgenes has been accomplished by cloning them under the control of the promoter regions of cell type-specific genes [15] [16] [17] [18] [19] [20] . For example, promoters of calcium/calmodulin kinase II alpha (CaMKIIα) and adenosine2A receptor drive transgene expression in forebrain neurons and striatopallidal medium spiny neurons, respectively [15, 21] .
Neurons can be manipulated according to which neurotransmitter they use. Within motor cortex, 2 main neural subtypes are projection neurons, which employ glutamate, and interneurons, which express γ-aminobutyric acid (GABA) [13] . These differences have been used to modify selectively glutamatergic projection neurons. Selective expression of a genetic tool in the glutamatergic neurons in hindbrain and spinal cord has been achieved by inserting a transgene under the control of vesicular glutamate transporter 2 (Vglut2) promoter [18] . Vglut2 is the dominant glutamate transporter expressed by in these regions [22, 23] . In this transgenic mouse, the genetic tool was found only in Vglut2-positive neurons in the central nervous system and exclusively activated by photostimulation. Manipulation of the targeted neurons in the spinal cord and hindbrain showed that glutamatergic neurons in the spinal cord are critical for generating rhythm in the central pattern generators and the activation of glutamatergic reticulospinal neurons in hindbrain area is sufficient to activate directly the spinal locomotor network [18] . Likewise, the promoter regions of vesicular GABA transporter, choline acetyltransferase or tryptophan hydroxylase 2 have been used to target GABAergic, cholinergic, or serotonergic neurons, respectively [19, [24] [25] [26] [27] .
Genes that define subsets of projection neurons can be used to achieve tract specificity. In the motor system, the corticospinal system can be differentiated from other corticofugal pathways (e.g., innervating thalamus, basal ganglia, and brain stem) by several genes, including Fezf2, Diap3, and Crym [10, 11, 28] . A transgenic mice line with green fluorescent protein (GFP) under the control of the promoter region of Crym demonstrated strong and specific labeling of the corticospinal tract with GFP [12] . The specificity of this approach suggests that the corticospinal tract could be manipulated relatively selectively by inserting a transgene that alters function under control of the mu-Crystallin promoter. These reports implicate the potential use of theses corticospinal neuronspecific genes for targeting corticospinal tract. Moreover, a transgenic mouse that expresses Cre recombinase under the control of mu-Crystallin promoter is available from the Gene Expression and Nervous System Atlas (GENSAT). This makes manipulation of the corticospinal tract using this genetic identity possible in the near future.
There are 2 major advantages in use of transgenic mice expressing genetic tools under the control of cell typespecific promoters (Table 1) . First, when transgenes are introduced into the germline, genetic manipulation is noninvasive, as opposed to spatial control, which involves injections of virus into the origin and termination of a tract. Second, the cell type-specific expression of the transgene covers all the targeted cells and the expression level is stable, homogenous, and reproducible [18, 29, 30] . This offers great advantages for comparing manipulations across experiments.
Despite great advantages, this strategy has several limitations (Table 1) . Neurons are not characterized by expression of a single gene. Instead, the combination of several transcription factors and their temporal expression help to determine neuron subtypes and their projection patterns. Therefore, multiple types of neurons could express the targeted genes. Also, the specific cell types defined with a single gene can be found in multiple regions of the nervous system [18, 23] .
Thus, the most critical and important limitation of genetic control is that it lacks the ability to target a specific circuit. In many cases, the genetic basis for a difference in projections is In order to manipulate excitatory pyramidal neurons selectively in amygdala, virus with a genetic tool (blue box) under the control of a excitatory pyramidal neuron-specific promoter region (green box) is injected to the amygdala. Although excitatory pyramid neurons are ubiquitous in the brain (green neurons), only amygdala excitatory pyramidal neurons (blue neurons with green outline) and not γ-aminobutyric acid-ergic neurons (white) are express genetic tools, owing to the spatial control of viral injection not known. For example, a neuron in motor cortex may project to multiple subcortical targets, yet the genetic basis for these targets is unknown. In addition, a single cortical neuron can branch at multiple levels and innervate several subcortical targets [31] . This limits the specificity with which a genetic control can regulate specificity of a target. These limitations can be overcome with spatial control strategies.
In addition, transgenesis might affect the expression of endogenous genes. There are 2 different strategies to generate transgenic mice, termed random and positional transgenesis according to the site of transgene integration. The positional transgenesis approach, knock-in, inserts transgene into mouse genome at a specific location, such as Rosa26 and HPRT locus, while random transgenesis, which usually uses bacterial artificial chromosome (BAC), integrates the transgene at a random location. These days, the BAC transgenic approach has been widely used owing to its advantages, including ease of use and the availability of large library [32] [33] [34] [35] [36] [37] . However, endogenous gene expression can be altered because the delivery of BAC may contain coding regions or promoters of other genes [20, 38] . Indeed, a BAC transgenic mouse line expressing enhanced GFP under the control of D2 receptor promoter had increased expression of the D2 receptor and behavioral hypersensitive to D2 receptor agonists [38] .
Finally, the overwhelming majority of transgenic animals are mice, and transgenic animals of other species are limited. The number of transgenic rats and higher mammals, such as cats and monkeys, are highly restricted [39] . While technical advances have made the creation of transgenic rats and larger mammals easier [40] , the high cost of creating and maintaining these animals and the large number of mouse transgenic lines makes the mouse the most practical choice for most studies. However, the neural systems in a mouse may not adequately model human neural systems. This presents a challenge both to delineating neural circuits that are pertinent to humans and also for the translational potential of these tools.
Spatial Control
Specific circuits can be targeted, based on their connectivity, using 2 viruses, the one injected at the origin and the other virus injected at the termination of the targeted circuit (Fig. 1B) . Only the neurons co-infected with both viruses express the genetic tool and are manipulated. This dual viral infection system has been applied and controlled diverse circuits [41] [42] [43] [44] . This strategy provides the most flexibility to target circuits; one needs only to know the origin and termination of a circuit. For example, a new connection induced by timely combined interventions after stroke was targeted with this strategy. The only information available to target this connection was the location of the origin and termination of the connection. One virus was injected to the ipsilateral hemisphere, the origin of the circuit, and the other virus was injected into spinal cord of impaired forelimb side, the termination of the circuit. Inactivation with genetic tools proved the necessity of the new circuit for the improvement of the functional recovery [41] . This strategy is made possible by 2 technological advances: binary systems and viruses that transduce neurons retrogradely.
As the name implies, a binary system consists of 2 genesone gene drives the expression of the other gene when they are delivered together to the same neuron. Gene 1 usually encodes a transcription activator or a DNA recombinase that binds to a special element on DNA molecules and induces transcription [41] .
The most widely and frequently used binary system is the Cre/lox site-specific recombination system. Cre recombinase catalyzes DNA recombination between two loxP sites in a DNA molecule [45] . The 8 base pair-long asymmetric spacer in a loxP site is responsible for the directionality of the site. When 2 loxP sites in a DNA molecule are in the same orientation, Cre excises the intervening DNA segment. When 2 loxP sites have the opposite orientations, the intervening DNA segment is inverted [45] . These recombination reactions have been used for controlling gene expression. The floxedstop system uses excision of a transcriptional stop sequence. A stop sequence, which contains several stop codons, is inserted between 2 loxP sites in the same orientation in front of the transgene to prevent its expression. In the presence of Cre, the stop codon is excised and the transgene is expressed [45, 46] . In the flip-excision system, the transgene is encoded reversed and double-floxed between loxP sites, rendering it unable to be expressed [47, 48] . However, in the presence of Cre, the transgene is flipped into the sense orientation and permanently expressed [48, 49] .
In addition to the spatial control of gene expression, temporal control with Cre recombination has been achieved with ligand-activated Cre. Cre has been fused with a modified estrogen receptor (CreER), which is sensitive only to synthetic ligand tamoxifen [50] [51] [52] . The cytoplasmic CreER is translocated into the nucleus where the DNA recombination occurs only in the presence of tamoxifen. Thus, the expression of Cre-dependent gene, which is introduced with flox-stop or flip-excision system, can be activated temporally [52] .
Another binary system used widely for control of a transgene is the tetracycline-regulated gene expression system. This system is based on transcription factors controlled by tetracycline. The first element of this system is tetracycline-controlled transactivator. The second element is a gene that can manipulate cellular activity under the control of a tetracycline-response element. When a cell is doubly infected, the gene used to manipulate a cell can be regulated by administration of tetracycline. This system adds a layer of control-the tetracycline response element can either repress or activate expression of a transgene in the presence of tetracycline. Tetracycline-controlled transactivator represses gene transcription [53, 54] , while reverse tetracycline-controlled transactivator activates the expression of the transgene [54] [55] [56] .
An essential element of any spatial control system is the need for 2 viruses, one that infects the cell body and the other that infects axons and transports the transgene retrogradely to the cell body. Retrograde viruses have been more difficult to create. The first solution to this problem was to use viruses known to cause disease through retrograde transport, such as rabies and herpes simplex virus [57] [58] [59] [60] . Although these viruses can be modified to prevent transmission to the experimenter, they can be difficult to produce and can cause inflammation and injury to nervous tissue. Now, several serotypes of adeno-associated virus (AAV) such as AAV6, AAV8, and AAV9 are characterized to transduce neurons retrogradely [61] [62] [63] [64] [65] , and lentivirus has been modified with its glycoprotein fused with rabies virus glycoprotein for retrograde transduction [41, 42, 66, 67] . These viruses are easy to produce, result in less inflammation than herpes simplex and rabiesderived vectors, and have long duration and high level of transgene expression [68] [69] [70] [71] [72] .
There are several advantages of the spatial control strategy (Table 1) . Most important is the degree of specificity achieved, including the ability to target selectively newly formed connections that cannot be defined with genetic identity [41] . Indeed, the dual virus infection strategy has been used to prove necessity of newly sprouted axons for functional improvement [41] . In addition, this strategy can be applied to circuits in any species, as the tools are inserted with viruses and not introduced through germline manipulation. Moreover, the manipulation of different circuits can be achieved easily by injecting viruses at different locations, providing tremendous experimental flexibility.
The greatest disadvantage of this approach is the need for invasive injections of viruses. The injections can cause damage by mechanical injury to the tissue, by the harmful effects of the viruses themselves, or by the immune reaction to them [73] . In addition, the resulting gene expression can be weak or uneven compared with the expression of transgenes. In addition, circuits that are widely dispersed, particularly in larger animals, require multiple injections of viruses [41, 42] . For diffusely projecting systems (ascending monoaminergic systems of the brain stem) or for systems that originate in large areas (corticospinal system), a dual virus approach may not be practical.
Combining Genetic Identity and Spatial Control
Combining the strategies of genetic identity and spatial control can maximize the advantages of each approach ( Table 1) . The simplest combination is injecting virus that encodes a genetic tool under the control of a cell type-specific promoter (Fig. 1C) . The spatial control is achieved by targeted injection, and the genetic control is achieved using a cell-type specific promoter. As shown in Fig. 1C , the pyramidal neurons in the lateral nucleus of amygdala can be targeted using this approach. The viral injection is made into the amygdala, which contains both excitatory pyramidal neurons (green) and GABAergic neurons (white) [74] . Only the excitatory pyramidal neurons express the transgene (blue with green outline) because the transgene was inserted under the control of CaMKIIα promoter (green) [75] . This promoter is expressed in excitatory neurons, not GABAergic neurons, in the following brain regions: lateral nucleus of amygdala, cerebral cortex, hippocampus, thalamus, brain stem nuclei, and spinal cord [76, 77] . However, excitatory neurons in other regions, including cerebral cortex (green in Fig. 1C) were not infected because the injection was contained to the amygdala. Thus, in this example, viral injection produced the spatial specificity and CaMKIIα promoter produced the cell type specificity.
The targeting strategies using genetic identity and location of the circuit can be combined into a binary system. A virus encoding genetic tools under a constitutive promoter with a binary system is injected into a brain region of a cell typespecific driver mouse, which express drivers such as Cre and tetracycline-controlled transactivator in a specific type of neurons. That accomplishes cell type and region-specific targeting with strong expression of genetic tools. For example, AAV encoding a Cre-dependent fluorescent protein, neurotoxin, or chemogenetic tool was injected into the medullary reticular formation ventral part (MdV) of the Vglut2-Cre mouse to label, ablate, or manipulate the glutamatergic circuit from MdV in order to test the roles of MdV in the forelimb movement control [78] . Hundreds of cell type-specific driver mice lines are available [79] [80] [81] [82] [83] [84] [85] [86] . Moreover, driver mice lines of Cre/lox system with the combination of other binary systems [87, 88] , including the tetracycline-regulated gene expression system [89] , enable powerful approaches for manipulation of a wide range of neurons in the nervous system with spatial and temporal specificity.
The most widely used approach of using a binary system with a combination strategy is targeting the origin of the circuit. Viruses carrying a driver-dependent genetic tool have been injected into the brain region of the cell type-specific driver mouse lines where the circuit originates [90] [91] [92] [93] [94] [95] [96] . In this approach, the driver transgene defines the cell types, and the injection of virus provides regional specificity. For example, in order to target cholinergic interneurons, viruses encoding Cre-dependent genetic tools were injected into various brain regions of a mouse line that encodes Cre under the control of choline acetyltransferase promoter [91, 97, 98] . Although strong Cre expression is found in multiple brain regions, including striatum, brain stem, and hippocampus [83, 84, [98] [99] [100] [101] , the expression of genetic tools was restricted only in the brain regions targeted with viral injection [91, 97, 98] .
The combination strategy can also use a driver mouse line and a retrograde virus encoding a driver-dependent genetic tool. For example, serotonergic neurons in the raphe nuclei project their axons to multiple areas of the brain, including the basolateral amygdala [102] . This circuit was targeted specifically by injecting a retrograde virus carrying a Cre-dependent genetic tool into the basolateral amygdala of serotonin reuptake transporter-Cre mice [64] . The Cre mice defined the cell type and the retrograde AAV defined the specific circuit.
A limitation still remains, even though targeting strategies provide precious specificity. Axons branch and make connections with neurons not only in the main target region, but also in several regions of brain on the way to the target [31, 103, 104] . For instance, the cortico-subthalamic nucleus projection has collaterals that innervate multiple other brain regions, including striatum, superior colliculus, pontine nucleus, and spinal cord [104] . Therefore, activation and inhibition of a specific circuit with optogenetic or chemogenetic tools still affect other systems through these collaterals. Indeed, a challenge of any circuit dissection or manipulation is that the nervous system is a highly integrated network. Any perturbation of a circuit in that network is likely to have distant, though milder, effects.
Genetic Toolbox for Circuit Manipulation
A variety of genetic tools have been created to manipulate cellular activity. Optogenetics uses light-activated channels, while chemogenetics uses receptors responsive only to the designed ligand [105, 106] . Here, we discuss the variety of genetic tools available, and the advantages and disadvantages in using each; these are summarized in Table 2 .
Optogenetics
Optogenetics is a technique that uses optical stimulation of genetically encoded light-sensitive channels and pumps to achieve neuromodulation [105, 107, 108] . Optogenetics was born with the discovery of light-sensitive microbial membrane proteins [107, [109] [110] [111] . Channelrhodopsins, light-sensitive cation channels, rapidly open and depolarize neurons in response to blue light (460 nm) [110, 111] . In contrast, halorhodopsin and archaerhodopsin inhibit neuronal activity. Halorhodopsin is a light-sensitive inward chloride pump that silences neuronal firing in response to yellow light (580 nm) [112] ; archaerhodopsin is a proton pump responsive to yellow-green light (550 nm) [113] .
One of the main strengths of optogenetics is the diversity of tools available. Through molecular engineering, these tools have been optimized to allow for faster alteration of channels [114, 115] , response to different wavelengths [116] [117] [118] [119] [120] , more robust gene expression [114, 117, 121, 122] , and channels with stepwise kinetics [117, 123, 124] . Having tools activated with different wavelengths makes it possible to manipulate the same neuron bidirectionally with both excitatory and inhibitory channels.
The other main advantage in using optogenetic tools is precise temporal control: opsins can manipulate neuronal activity within milliseconds (Table 2 ) [124] . With this advantage, it is possible to generate the typical firing rates or patterned firing of neurons, and to manipulate the activity of neurons to mimic the changes in neuronal activity timelocked to a specific environmental event or key moment during behavior by using optic stimulation [125, 126] . Optogenetic manipulation has been used, for example, to alter the firing rate of dopamine neurons in the ventral tegmental area, which is critical for coding reward [125] . The frequency of the light stimulation was critical to how the animal responds to a stimulus, indicating that the firing frequency of this reward circuit is critical to its function [39, 125] . This temporal precision allows manipulation of specific neurons or circuits in a time-locked behavior, such as unexpected reward [125, 126] .
The other strength of optogenetics is spatial specificity from local stimulation. The targeting of light for optogenetics is similar to the spatial control provided viral injection. Whereas the light can vary by intensity and size of the optical fiber, viral injection can vary by the volume of the injection and the titer of the viral particle. While delivery of light can be achieved many ways, there are limitations to delivering either a highly targeted light or light to activate a broad region of the brain.
Optogenetic manipulation also has disadvantages to overcome ( Table 2 ). The major limitation is in the invasive method of delivering light. For the delivery of light stimulation, surgery is required to implant an optical fiber or other indwelling light source into or near the brain region of interest. Although successfully applied to live and free-moving animals, this can limit the movement of animal and induce brain damage [127] [128] [129] . Recent efforts have been made to overcome this limitation with wireless head-mounted systems [130] [131] [132] [133] [134] . Although this system made it easy to apply optogenetics to free-moving animals, it is still invasive-wireless headstagemounted systems still need to implant optical fiber into the brain. To reduce invasiveness channels that respond to longer wavelength light have been developed; longer wavelength light penetrates tissue more deeply than short [135] [136] [137] [138] [139] [140] . Red light-activated opsins such as excitatory red lightactivated channelrhodopsin and inhibitory red-shifted cruxhalorhodopsin (Jaws) can be applied to the surface of the brain or through a thinned skull [119, 120] .
Chemogenetics
Chemogenetics is the technique of giving a drug to activate exogenously expressed receptors for neuromodulation. To achieve specificity, the drug ligand and the receptor are modified so that they only interact with each other and not endogenous receptors or ligands. 
Designer Receptor Exclusively Activated by Designer Drug
This chemogenetic tool employs design-based drugs to activate G protein-coupled receptors that have been modified to respond only to the novel ligand [106, 141] . G proteincoupled receptors play crucial roles as modulator in many physiological processes [142] [143] [144] . In neurons, G proteincoupled receptors can activate, inhibit, or modulate neuronal firing depending on their specific downstream effectors [143] . Using this natural heterogeneity of function, chemogenetics has modified G protein-coupled proteins to modulate several cellular functions [141, [145] [146] [147] . Like optogenetics, designer receptor exclusively activated by designer drug (DREADDs) can either activate or silence neurons. The first DREADD system mutated the muscarinic acetylcholine receptor so that it is only activated by clozapine-N-oxide, an inactive metabolite of the central nervous system drug clozapine [146, 148, 149] . The muscarinic DREADD receptor is coupled to Gq, which is an excitatory channel that depolarizes neurons and enhances their excitability through phospholipase C [146, 150] . A chimeric muscarinic-adrenergic receptor DREADD known as GsD also activates neurons but via cyclic adenosine monophosphate-mediated signaling [149, 151] . In contrast, the human M4 muscarinic DREADD receptor is coupled to Gi and leads to neuronal silencing through opening inwardly rectifying potassium channels [146] .
A previous limitation of DREADDs was their dependence on the same drug, clozapine-N-oxide, for activation. To overcome this limitation, a new set of receptor and ligand was recently developed [152, 153] . KORD, the new DREADD, is a kappa-opioid receptor coupled to inhibitory Gi protein and selectively responsive to an inert ligand, salvinorin B [153] [154] [155] . With 2 chemogenetic tools, the same circuit can be manipulated bidirectionally, activating or inactivating, with different ligands.
Engineered Ligand-gated Ion Channels
Another chemogenetic tool uses chemical activation of ion channels modified to respond selectively to synthetic ligands [141, 152] . The α7 nicotinic acetylcholine receptor (nAchR) consists of 2 domains that are extracellular ligand-binding domain (LBD) and ion pore domain (IPD) [156] . The α7 nAchR LBD was mutated to be sensitive only to specific ligands [141, 152] . The mutated LBDs are called pharmacologically selective actuator modules (PSAM) and the specific ligands are called pharmacologically selective effector modules (PSEM) [141, 152] .
Various combinations of PSAM/PSEM/IPD enable both activation and inactivation of neurons. The α7 nAchR LBD behaves as an independent actuator module and can be transplanted to other ion channels with similar structures [157, 158] . Thus, PSAMs are spliced with IPDs of various other ion channels to generate different ionic conductance in response to the specific ligands [152] . For example, PSAM was fused with the IPD of a serotonin receptor that generates cation conductance in order to activate neurons [152, 157] , and the IPD of the chloride-selective glycine receptor that generates chloride conductance to silence the neurons in response to PSEM [152, 158] . This PSAM/PSEM/glycine silencing system is successfully applied to inactivate MdVspinal motorneuron circuit and the inactivation of this circuit showed its critical roles in skilled motor function of the forelimb [78] .
Major differences between chemogenetic and optogenetic tools are the timing of channel opening and invasiveness ( Table 2 ). In terms of time, light-activated channels open on the millisecond time scale, while chemogenetic tools take minutes to hours to alter function after administration of the drug ligand. In terms of choosing of tools for experiments, optogenetics allow precise temporal alterations of function. Chemogenetics, especially DREADDs are more appropriate than optogenetics for changes of behaviors, which requires prolonged testing as DREADD activity is sustained for several hours after 1 injection of the ligand [41, 150, 151, 153] . In addition, chemogenetics also can be done without a headmounted light source and invasive fiber optics.
Inducible Tetanus Neurotoxin
Another genetic tool used to inhibit circuit activity is the inducible tetanus neurotoxin system. Tetanus neurotoxin light chain (TeNT) blocks synaptic transmission through proteolytic cleavage of a synaptic vesicle protein [159] [160] [161] [162] . As the light chain of tetanus neurotoxin blocks synaptic transmission, it is reversible; the heavy chain of tetanus neurotoxin is the element that causes sustained depolarization and cell injury. The inducible TeNT system is composed of 3 elements. The first element is the reverse tetracycline transactivator; the second is TeNT under the control of tetracycline-responsive element; the third is administration of doxycycline, a tetracycline derivative. When the 2 genetic elements are delivered to a neuron and doxycycline is given, TeNT is expressed. The circuit is inactivated through blocking neurotransmission. This system has been used successfully to inactivate neurons and circuits selectively and reversibly [41, 42, 163, 164] . For instance, in order to test the roles of the circuit between propriospinal neurons and spinal motor neurons in dexterous hand movement of primates, AAV encoding reverse tetracycline transactivator was injected into the origin of the circuit where the propriospinal neurons are located, and retrograde gene transfer lentivirus carrying TeNT under the control of tetracycline responsive element was injected into the termination of the circuit where the spinal motor neurons reside. When doxycycline is administrated, only the propriospinal neurons expressed TeNT and the animals showed impairment of reach and grasp movements during doxycycline administration and recovery of the hand function during discontinuance of doxycycline administration [42] . Inactivation could be repeated many times.
The inducible TeNT system is also appropriate to test the roles of specific neurons and circuits in prolonged behavioral changes such as functional recovery after neurological injuries because manipulation with this system is sustained for days to weeks during doxycycline administration [41] . Doxycycline is given orally in drinking water, which is an advantage of this system. Like chemogenetics, the intervention is noninvasive after the initial viral injections, which enables animals to conduct complicated behavioral tasks freely.
Despite several strengths, the inducible TeNT system has weaknesses ( Table 2 ). This system is based on protein expression after doxycycline treatment. Thus, it has a relatively long latency of several days to reach to the maximum inactivation level after stimulation. The latency can be various from 2 to 7 or more days according to the length of the targeted circuit because TeNT has to travel from the soma to the axon terminal [41] [42] [43] . This long time period allows other circuits to adapt to the loss of transmission within the targeted circuit [42, 43] . In addition, doxycycline is an antibiotic that may cause physiological changes that might affect animal's behavior.
Cell-Specific Neurotoxins
Other neurotoxins can be used to alter circuits by killing neurons. Diphtheria toxin kills cells by inhibiting protein synthesis [165] . By using binary systems, spatiotemporal ablation of neurons has been accomplished in specific neurons. One gene is expressed in a genetically defined set of neurons. Another gene codes for the neurotoxin that kills the cells with a known genetic identity [166] [167] [168] . Saporin, a toxin protein from a plant Saponara officinalis, can also be used for cell type or circuit-specific ablation. Saporin kills cells by inactivating ribosomes thereby inhibiting translation [169] . Targeting specific cell types and circuits has been accomplished with local injection of modified saporins that is conjugated with various proteins including cell type-specific antibodies and the neurotransmitter substance P [170] [171] [172] [173] [174] [175] [176] [177] . Some neurotoxins, such as tetanus toxin and botulinum toxin are retrogradely transported by presynaptic neurons. When they are injected into the termination of a circuit they can be used to deliver toxins retrogradely [178] [179] [180] .
The main advantage of these toxins is that they can be combined with systems that control retrograde transport to selectively kill connected neurons. For example, mice do not normally express diphtheria toxin receptor [181, 182] . Conditional expression of the receptor allows only the genetically modified cells to take up the toxin. In this approach, when diphtheria toxin was administrated, it was transferred only into the targeted cells and induced cell death [78, 182, 183] . Cholera toxin B fragment and wheat germ agglutinin are highly sensitive retrograde tracers [184] [185] [186] . Neurotoxins, including diphtheria toxin, botulinum toxin, ricin, and saporin, have been conjugated with these retrograde tracers to kill connected neurons [187] [188] [189] [190] . For example, respiratory motor neurons were with intrapleural injections of cholera toxin Bconjugated saporin [190] .
The cell type-specific neurotoxins allow elimination of specific cell types with circuit specificity. However, because they result in permanent cell loss, the function of the targeted cells is lost once, with subsequent adaptation to the injury.
Conclusions
Selective manipulation of specific neurons and circuits has been a longstanding goal of neuroscience. Unlike classical systems neuroscience tools, the strategies and genetic tools discussed in this review have the capacity to unravel the roles of individual circuits in brain function. Now we can manipulate specific circuits with genetic tools in various time windows from milliseconds to weeks. We can target them based on their genetic identity, connectivity, or a combination thereof. Owing to the abundance of transgenic mouse strains, a myriad of manipulations is possible when using mice. However, when using other animals such as rat, cat, and monkey, viral transduction remains the most viable strategy.
In addition to elucidating function, these can be used to manipulate neural circuits for therapy, which is the subject of this issue. These tools have been applied to animal models of various neurological diseases. For Parkinson's disease [191, 192] , the goal has been to modulate the basal ganglia circuits in a way that is achieved with deep brain stimulation but with better spatial and temporal control. For stroke [193] , excitatory optogenetics has been used to strengthen the function of intact circuits so that they can restore lost motor function. After spinal cord injury [194, 195] , optical control of spinal neurons distal to the lesion could establish control of circuits that have been disconnected from brain control. In epilepsy [196] [197] [198] , the goal has been to reduce cortical excitability, which can be accomplished with activation of inhibitory neurons or inactivation of excitatory ones.
For translation to humans, these tools have significant barriers to overcome. First, all of the tools involve gene therapy in neurons, which is both challenging to achieve and potentially dangerous. In addition to the invasiveness of injection, viruses can be toxic, both in the short-and long-term. Even if it can be done safely, achieving stable expression of genetic tools is a challenge. Finally, introducing light into the human brain for optogenetic control also involves risk and technical challenge.
One promising area for the use of circuit-specific tools is optogenetics for retinal disease [199, 200] . In retinitis pigmentosa, for example, photoreceptors are lost. However, as other neurons, including retinal ganglion cells, are spared, they could be used to transduce light into neural activity by inserting optogenetic channels. Retinal disease presents an attractive target because the retina is more accessible that the central nervous system and because optogenetic channels may be able to substitute for endogenous rhodopsin function (see the review by Sagdullaev in this issue [201] ). Until the genetic tools overcome the various obstacles for use in people, electrical stimulation of neural circuits will likely remain the clinical tool for modulation of neural circuits.
